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論 文 内 容 要 旨 
 Magnetic micro/nano-patterns are widely desirable in various application fields like the magnetic data storages, 
sensors, and actuators. Nano-patterning of magnetic materials with low cost and high throughput is challenging. In 
consideration of the industrial production and commercialization, nano-imprinting magnetic metallic glasses exhibits the 
remarkable advantages, compared with the conventional nano-fabrication methods or other next-generation lithography 
techniques, such as the unrestricted resolution and higher efficiency in the micro-/submicro- scale, low cost and simple process 
and so on. It has been proved to achieve the precise and complex patterns onto some non-magnetic metallic glasses by using 
the unique thermoplastic behavior in the supercooled liquid temperature region where they tend to be dramatically soft and 
moldable. However, there is an absence of the systemic investigation on the nano-imprinting of the magnetic metallic glasses 
because of the contradiction between the good magnetic properties and viscous workability. Generally, the ideal alloy should 
have the good glass-forming ability, low viscosity (η) and glass transition temperature (Tg) and large supercooled liquid region 
(ΔTx). However, magnetic metallic glasses exhibiting reasonably good magnetic properties like the high saturation magnetic 
flux density (Bs) always requires the high ferromagnetic element contents (Fe, Co), which generally result in the poor 
glass-forming ability and viscous workability. Addition of other non-magnetic elements like Ga, Mo, Nb, can improve the 
glass-forming ability but cause dramatically degrading the magnetic properties. Thus, this thesis focuses on resolving this 
problem and achieving the breakthrough of nano-imprinting magnetic patterns. The most suitable material is determined for 
imprinting among different types of magnetic metallic glasses. Its viscous flow behavior is characterized for the low viscosity 
and good thermal stability. For another, the alloy should allow tailoring of the intrinsic magnetic properties like magnetization, 
crystalline anisotropy, etc. The nano-imprinting ability of the alloy was demonstrated by fabricating various kinds of 
nano-structures. Besides, another focus in this research is the correlation between the magnetic properties and nano-structures. 
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In this study, the master alloy was prepared by arc melting and high frequency induced melting. And the metallic 
glass ribbons and thin films were fabricated by the single roller melt spinning method and the magnetron sputtering method, 
respectively. The metallic glasses were imprinted at different temperature with the heating rate of 100 °C/min. And the thermal 
properties were measured by a Differential Scanning Calorimeter (DSC). A Dynamic Mechanical Analyzer (DMA) was used 
for the thermal thermomechanical analysis. The structure was detected by XRD and TEM. And the morphology was observed 
by SEM and an Atomic Force Microscope (AFM). Finally, a Vibrating Sample Magnetometer (VSM) was used for the 
measurement of the magnetic properties including the hysteresis curve, angular dependence of coercivity and remanence, and 
recoil loops. 
Compared with different Fe/FeCo based metallic glasses, Fe40Co35P10C10B5 metallic glass exhibits the better overall 
performance and more suitable for imprinting like a wide supercooled liquid region (~49 °C), a low glass transition 
temperature (~438 °C) and a large saturation magnetization (~126 emu/g). Additionally, its minimum viscosity is close to 
1.7×108 Pa·s at the heating rate of 40 °C /min, which is the lowest one among these magnetic metallic glasses. And it is 
predicted to decrease to 4.6×107 Pa·s at 100 °C /min according to the linear relationship between the heating rate and minimum 
viscosity. The order of 107 Pa·s was reported to be possible for the large imprinting deformation in some non-magnetic metallic 
glasses such as Pd- and Zr- based alloys. Moreover, the viscosity of 
Fe40Co35P10C10B5 metallic glass ribbons can be kept at a relatively low 
value for around 10 minutes in the creep tensile testing at 460 °C (20 °C 
higher than Tg), which is much longer than others. Namely, the 
amorphous structure in Fe40Co35P10C10B5 metallic glass ribbons is more 
stable in the supercooled liquid region. Additionally, Fe40Co35P10C10B5 
metallic glass shows much larger fragility (~ 41) than other magnetic 
metallic glass, which is an important parameter to evaluate the viscous 
workability. Although Fe40Co35P10C10B5 metallic glass has the weaker 
viscous workability, it is comparable to some admittedly workable but non-magnetic Zr- and Au- based metallic glasses, and 
not far from well-known Pt-, and Pd- based alloys according to the Angell plot (Figure 1) and various criteria like fragility (m), 
deformability (d*) and reduced thermal stability (m·ΔTrx).  
The crystallization is very complex in Fe40Co35P10C10B5 metallic glass ribbons, where the Fe-Co phase (including 
Co0.72Fe0.28, and CoFe phase) and Fe3(BP)1 phase (including Fe3B0.63P0.37 and Fe3B0.82P0.18 phase) are precipitated. The 
crystallization of Fe3(BP)1 phase requires higher annealing temperature and/or longer isothermal time than Fe-Co phases. 
Additionally, as the first crystallization phases, the precipitation of Co0.72Fe0.28 and CoFe phase is hard to separate because of 
their similar activation energies and close nucleation positions. And all the crystallization of different phases is accelerated by 
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higher annealing temperature. Actually, this crystallization behavior plays a 
crucial role to influence the mechanical and magnetic properties of 
Fe40Co35P10C10B5 metallic glass. On the one hand, the crystallization largely 
increases the viscosity in the supercooled liquid region. The initial viscosity 
becomes low but is raised rapidly at the high temperature because of the 
accelerated crystallization, as shown in Figure 2. The suitable working 
temperature range for imprinting is from 440 °C to 480 °C. And in order to 
maintain the amorphous state, the imprinting process should be below 460 °C. 
On the other hand, the precipitation of Fe-Co phases and Fe3(BP)1 
strongly affects the changes in Hc and Ms with annealing time. A kind of 
hard magnetic Fe-Co phases is obtained in the demagnetization curve, as 
shown in Figure 3. The average switching field of the annealed ribbon is 
around 2600 Oe, which can be higher in the absence of the soft magnetic 
matrix. Based on our understanding, this hard magnetic phase may be a 
kind of distorted FeCo phase with the body center tetragonal structure 
whose magnetocrystalline anisotropy could be around 1.6×106 J/m3. But 
limited by the small volume, they are difficult to detect by XRD.  
It is successful to imprint the various patterns onto Fe40Co35P10C10B5 
metallic glass ribbons and thin films in a large area (Figure 4). The degree of deformation is increased at higher working 
temperature and/or for a longer working time because of the much amorphous structure remained. But the accelerated 
crystallization increases the viscosity and impedes the further 
deformation. Besides, the capillary effect becomes comparable 
with the viscous flow as the size of the mold (Wd) is less than 20 
μm. So the mold filling factor (Rf) increases rapidly with the 
decrease in the size of the mold. A large Rf of above 80% is 
obtained on 5 μm Si mold. In addition to ribbon samples, 
imprinting thin film sample seems more meaningful in 
consideration of the practical application because of its good 
integration behavior and less pre-process. But its crystallization 
behavior is changed by the different composition and stress 
state in the thin film. All the Fe-Co and Fe3(BP)1 phase seems 
Figure 2. Time dependence of viscosity 
in the isothermal tensile creep testing 
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Figure 3. Demagnetization remanence 
curves of annealed ribbons: at 440 °C for 
4 hours (red line); and at 480 °C for 5 
minutes (black line). 
Figure 4. SEM images of different imprinted patterns: 5 
μm stripe patterns at 450 °C for 6 minutes onto the 
ribbon (a); 1 μm and 500 nm stripe patterns at 455 °C (b 
and d, respectively) and 100 nm dot patterns at 450 °C 
(c) for 3 minutes onto the thin film. 
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to precipitate together at lower working temperature. The amorphous imprinted thin films can be obtained below 442 °C for 3 
minutes but they have quite rough surface and short patterns because of the high viscosity. The situation can be improved 
effectively by higher working temperature, where Rf can be around 80% despite of the crystallization. For a shorter working 
time like 1 minute, the imprinted patterns maintain the amorphous structure even at 460 °C. The trapezoid patterns in the 500 
nm Si mold suggests the large replication of mold features and Rf (~100%). Additionally, the high-density dots with the 
diameter of ~ 100 nm also replicate the shape of the alumina channel but the non-uniform imprinting is caused by the rough 
surface of the porous alumina disc. In brief, the real imprinting experiments demonstrate that various patterns onto 
Fe40Co35P10C10B5 metallic glass can be imprinted in the scale from 50 μm to 100 nm. 
The orientation of the imprinted stripe patterns cannot obviously influence the in-plane magnetization like changing 
the hysteresis loop and increasing Hc. These crystalline thin films are typical soft magnetic based on their hysteresis curves. So 
the large remanence (Mr) conceals the changes in the shape anisotropy induced by the formed patterns because of their small 
aspect ratio and thick un-deformed bottom parts in the thin film where the domain wall propagation is still easy. However, the 
effect of the imprinted patterns becomes obvious in the out-of-plane direction because of the linear relationship between the 
applied field and magnetization. The changed shape anisotropy provides the extra energy for the magnetization reversal of the 
soft matrix, which is similar to the normal thin film magnetized when the applied field is not along with the hard axis. Also, 
there are hard magnetic grains precipitated begin to reverse around 2400 Oe. The average of the switching field is distributed 
from 2800 Oe to 3600 Oe. As a result, an obvious kink appears in the out-of-plane hysteresis curves and demagnetization 
remanence curves (Figure 5). And the demagnetization remanence decreases rapidly at a relatively low applied field. But this 
decline becomes slow with increasing the applied field due to the hard grains. For the amorphous imprinted thin film with 
high-density dots, Hc and Mr/Ms are around 400 Oe and 12% in the out-of-plane hysteresis loop, respectively. And the only one 
magnetization switching happens at ~ 500 Oe, suggesting the absence of the crystallization. And this extra magnetization and 
anisotropy are believed to derive from the formed dot patterns that 
strongly change the shape anisotropy. Because the well imprinted part 
can be considered as a non-continuous thin film. But the non-uniform 
imprinting and the un-deformed bottom part under the imprinted 
patterns allow the domain wall to propagate easily. That is why the 
increased Hc and Mr are not so large. It is reasonable to obtain the 
patterned thin film with larger Hc and Mr or even magnetic isotropy by 
nano-imprinting at low cost, provided that the imprinting experiments 
could be more accurate.  

















Figure 5. Demagnetization remanence curves 
for different imprinted thin films 
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